With chemical analyses by H. M. Blauer, University College, London WCIE 6BT SUMMARY. The stratigraphical limits on the age of the Freetown intrusion, Sierra Leone, are very wide, yet the intrusion has not previously been accurately dated by isotopic methods, despite a number of attempts. Rubidium-strontium dating of acid veins contemporaneous with the early stages of the prolonged cooling history of the intrusion provides an age of I93 + 3 Ma. The veins consist of quartz and orthoclase with relict minerals, principally plagioclase, from thehost gabbro. Electron-microprobe analysis of the altered minerals of the veins, and the petrography of the vein and adjacent host gabbro clearly demonstrate that the veins were formed from a granitic fraction, differentiated in situ from the surrounding solid gabbro with the assistance of a hydrous fluid phase within the incipient vein. This assertion is supported by the identical, low value of the initial s 7Sr/86Sr ratio (o.7o389) obtained from both the acid and basic rocks, and the technique described here may be useful in dating other, similar, intrusions.
Because of the difficulties, outlined above, of interpreting K-At age studies in this case, and the analytical problems of determining precise Rb-Sr ages on young basic rocks, it was decided to attempt a Rb-Sr study of the acid veins associated with the Freetown Complex (Wells, I962, p. 95)-These acid veins are sparsely distributed throughout the intrusion and are typically about I cm in thickness although rarely they reach a thickness of about io cm. They are generally parallel-sided and are seen to extend for distances of tens of metres along planes dictated by the joint directions of the major intrusion. Beerbachite dykes (Wells, I962, p. 9 I) are found, especially in the Banana Islands ( fig. I ) and are probably related to the magma forming the normal basic ('doleritic') dykes of the Complex. The difference between these two types of basic intrusion is believed to be due to the condition of the host rock at the time of injection. Whereas the dolerite dykes have chilled margins and were thus intruded when the local host rocks were consolidated and relatively cool, the beerbachites appear to have been injected into hot rock, probably under conditions equivalent to those of pyroxene hornfels metamorphism, at temperatures in excess of 8oo ~ (Turner, I968 ) . The composite nature of the beerbachite dyke, granitic vein, and apophyses shown in fig. 2 demonstrates conclusively that formation of the acid and basic materials was essentially contemporaneous. Thus it appears that the acid veins--which may occur in association with beerbachite or dolerite (fig. r south of Good Luck Hill), or more commonly in gabbroic and troctolitic rocks--were formed within relatively early stages of the cooling history of the Complex. Petrological studies, described later, show that the acid veins are formed principally in situ by reactions between hydrous fluids and the host rock. 
Rb-Sr AGES IN THE FREETOWN COMPLEX 5o5
Clearly the initial a7sr/86Sr ratio of the baSic pegmatite (Table I ) cannot be distinguished from that of the acid-vein material and we feel justified in including this sample in a second regression. This yields an age of 197 + 9 Ma and an initial ratio ofo'7o396 _+ o.oooi9. Most ofthe remaining scatter can be attributed to sample Ba 857, which in thin section appears extensively weathered in contrast to the other specimens. This data point is excluded in a third regression and the remaining points fit a straight line within experimental errors giving a MSWD of 2. 4 and an age and initial ratio of I93 _+ 3 Ma and o'7o397 _+o.00oo6. We conclude that this regression provides the most reliable estimate of both age and initial 87Sr/86Sr ratio. The mean value obtained for the Eimer and Amend standard during this work was o.7o8o8-+ o.o0ooI and thus the initial 87Sr/86Sr ratio for both basic and acid components of the Freetown Complex should be quoted as o"7o389_+ 0.o0o06 relative to an Eimer and Amend value of o'708oo.
Discussion and conclusions
Rb-Sr whole rock datin9 of acid veins. When combined with the field evidence cited above, that the acid veins are contemporaneous with the early stages of cooling of the major intrusion, this appears to be a straightforward method of dating basic intrusions that are difficult to date precisely using any other approach. The initial 87Sr/a6Sr ratio of the acid-vein material in the Freetown Complex is constant over the wide area from which the samples were taken ( fig. I ). Possible reasons for this and petrographic criteria that would be useful in identifying similar veins in other basic intrusions are discussed below.
Orioin of the acid veins in the Freetown Complex. The veins consist principally of quartz and feldspar, which frequently display graphic intergrowths. However, the proportions of quartz and feldspar are variable as can be appreciated from the norms calculated from the major element analyses presented in Table II .
Although the margins of the veins appear sharp in hand specimen, they are less obvious in thin section. The margins are often marked by a change in the composition of the feldspars and by breakdown of the ferromagnesian minerals along an approximately straight boundary (figs. 4 and 5). Pericline twinning has been induced mechanically in the plagioclase where it projects from the gabbro into the vein and the feldspar changes from coarsely lamellar plagioclase in the gabbro to altered plagioclase with a fine lamellar structure plus orthoclase in the vein (figs. 4 and 5). Within the veins it is possible to find plagioclase with a wide rim altered to orthoclase, and orthoclase grains showing relict plagioclase twin lamellae (figs. 4 and 5). Occasionally (e.g. sample Ba 912) stringers of quartz run parallel to the vein margin and are particularly abundant at the centre of the vein.
Electron-microprobe analyses of nine minerals occurring near the vein boundary in sample Ba 856 are given in Table III . The locations of the spots analysed by the electron microprobe are indicated on the microphotograph of fig. 4 . These analyses clearly show that some of the vein feldspars have been formed by alteration oflabradorite from the host rock. The clear labradorite of the host rock shows a balanced molecular formula (Table Ili, analysis I). The same is true of the dominant clear orthoclase (analysis 2) and the orthoclase component of the perthitic feldspar (analysis 6). By contrast, the plagioclase component of the perthite contains a significant amount of excess silica (analysis 7). The original feldspars of host composition, represented by analysis ~, have been progressively altered towards a silicified albite composition (analyses 3, 4, and 8) principally by the addition of silica and loss of calcium. Analysis 8 at the rim of the altered plagioclase corresponds to one of the two components of a symplectic intergrowth, which has a myrmekitic appearance and occurs in a zone between the plagioclase and the perthitic feldspar (analyses 6 and 7). The other component (analysis 9), lying closer to the perthite, has the composition of a mixture of 49 ~o quartz and 51 ~o andesine. Iron-titanium oxide grains in the veins show textural similarity with those found in the gabbro (Wells, 1962; Bowles, 1976 Bowles, , 1977 . Electron-microprobe analysis reveals the presence of silicon and some calcium along the planes of alteration between formerly exsolved ilmenite lamellae and host magnetite, although both are now extensively altered to maghemite. Interstitial patches of carbonate are frequently found in the veins. The mineralogy of the apophyses of the veins is directly controlled by the phases in the gabbro through which the apophyses pass. The apophyses are composed of quartz where they pass through host olivine or pyroxene, but of orthoclase (occasionally containing relict twin lamellae in approximate optical continuity with those in the host plagioclase) where they cut plagioclase ( fig. 5) . In the gabbro, close to the veins, plagioclase crystals show myrmekitic textures, and symplectic textures occur between olivine and magnetite. These textures are not found in the host rock away from the veins.
Thus the textural evidence strongly suggests that the veins have formed essentially in situ and that alteration of minerals in the host gabbro has provided much of the vein material. In general, there is no evidence for bulk transport of material along the veins, as shown by many relict and undisplaced features such as twin lamellae described above. Nevertheless, during the formation of the fractures, which are now infilled with acid material, some crystals were detached from the host rock, becoming incorporated into the vein and extensively altered (fig. 4) B0wles (1975) and the quantitative microprobe correction program of Mason, Frost, and Reed (I969) was used. The locations of these numbered analyses are indicated in fig. 4 and Cr203 = o.oo wt % throughout. The molecular formulae are calculated to 32 oxygen atoms and show considerable excess silica in the altered feldspars where 'Total Y' is greater than 16 and 'Total Z' is much less than 4. Since the alteration is so distinct the molecular formulae have been split into quartz + feldspar by removing silica from the formulae until an exact 16:4 balance is achieved. The resulting quartz and feldspar proportions are shown above, together with the AbAn-Or proportions of the remaining feldspar.
localized transfer of material did occur. It appears that as joint planes formed during the early cooling of the Freetown Complex, an acid fraction was able to differentiate from the surrounding solid gabbro to occupy the progressively opening joints. The fractures in the gabbro were probably filled by a hydrous fluid phase, which was responsible for the oxidation of the iron-titanium oxides, the serpentinization of the host olivine, and the formation of the 5o8 Table III ), the percentage of which in the total mixture is shown.
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interstitial carbonates. The process by which the veins became occupied by felsic minerals is, in many ways, similar to the diffusion processes that fill tectonic veins associated with pressuresolution fabrics (Elliot, I972; Kerrich et al., I976) . The transfer of components from the host rock into low-pressure regions associated with incipient fractures occurs by diffusion of ions and molecular species through a relatively static pore fluid or along grain boundaries. The chemical potential that drives the diffusion is a response to stress gradients (Kerrich, Beckinsale, and Shackleton, private communication), which existed locally where the hydrostatic (Pfluid) pressure was less than Pro~k. This mechanism is consistent with the fact that the initial s 7Sr/S6Sr ratios for both acid and basic rocks have an identical low value (0.70389 _+ 0.00006) suggesting a genetic relationship. There is no indication that formation of the veins has involved contamination by more radiogenic strontium such as might have been derived from the local Precambrian basement.
Excess 40 Ar in the Freetown Complex and Liberian dykes.
There is no doubt that the older K-Ar ages reported by Snelling (I966) for the basic pluton are discrepantly old, presumably because of the presence of substantial levels of excess 4~ in the plagioclase and pyroxene separates analysed. On the other hand, the age of intrusion determined here agrees closely with the youngest of the conventional K-Ar ages. Dalrymple, Grommb, and White (I975) have described detailed K-Ar studies of the coast-parallel dyke swarm in Liberia. Whole rock and plagioclase samples of dykes intruding Precambrian crystalline rocks yielded a range of conventional K-Ar ages from 19o Ma to 122r Ma. However, whole rock and plagioclase samples of dykes and sills intruding Palaeozoic sediments (the Paynesville Sandstone) yielded a restricted range of conventional K-Ar ages from 177 Ma to I96 Ma. Furthermore, samples of the dykes intruding Precambrian rocks that yielded old K-Ar ages gave 'saddle-shaped' *~ release patterns with the nearest approach to a plateau represented by the intermediate temperature minimum, corresponding to less than 3oo Ma. One whole rock sample and one separated plagioclase from an intrusion in the Paynesville Sandstone, which yielded a conventional K-Ar age of 182 +__ 4 Ma, gave 4~ plateau ages of I89-o_ 4'4 Ma and 191.o+ 3"4 Ma respectively. Dalrymple, GrommO, and White (I975) concluded, therefore, that the dykes intruding the Precambrian crystalline rocks contain large and variable amounts of excess 4~ and that the whole coast-parallel dyke swarm was intruded at about 19o Ma ago. This is in close agreement with the conclusion presented here for the age of the Freetown Complex. Excess 4~ in both the Freetown Complex and the dyke swarm is most likely to have been derived from degassing of the local Precambrian crystalline country rock.
Implications for Mesozoic palaeomagnetic stratigraphy. It appears from the work of Briden, Henthorn, and Rex (197 ~) that at least one polarity reversal occurred during the cooling of the Freetown Complex. It was found that the stable thermoremanent magnetism has reversed polarity at localities stratigraphically within about I km of the base of the intrusion, but normal polarity at localities elsewhere in the intrusion (except for one sample with a low NRM/"FRM ratio, which they were inclined to relate to a second polarity transition). These authors suggested that the definite polarity reversal reflected upward migration of the Curie isotherm and thus the transition was from reversed to normal polarity. However, at Curie temperatures characteristic of the magnetites in gabbros (about 57o ~ it would seem more likely that the intrusion would have cooled from the upper surface downwards. The polarity reversal recorded in the Freetown Complex is, therefore, probably from normal to reversed. It is interesting to note that a comparable transition, marking the beginning of the Nuanetsi Zone of reversed polarity, is recorded in the Marangudzi ring complex of Rhodesia (McElhinny and Burek, 197 I) . Foland and Henderson (1975) have recently determined a Rb-Sr whole rock isochron age of 186_ 3 Ma for this complex (2= 1.42xIo-tlyr-1). The ages of the Freetown Complex and the Marangudzi Complex differ by I Ma at the limits of error. However, it is possible that systematic errors of this magnitude (0'5 ~o) could be present in both age determinations and at this stage it appears reasonable to conclude that these two intrusions were essentially synchronous and that the mean age, about 19o Ma, is the best available estimate for the beginning of the Nuanetsi Zone. Most of the Liberian dykes have normal polarity, and a few are reversed (Dalrymple et al., I975) . Furthermore, the palaeomagnetic pole derived from these dykes is in close agreement with that derived from other Mesozoic igneous rocks from Africa, including the Freetown Complex (Dalrymple et al., 1975) . Thus both geochronological and palaeomagnetic studies strongly suggest contemporaneous intrusion of the Freetown Complex and the dyke swarm. The coast-parallel structure of the dyke swarm suggests a link between this magmatic event and the regional stress pattern that led to the separation of the continents in this region.
